Abstract. For additive manufacturing (AM), the certification and qualification paradigm needs to evolve as there exists no "ASTM-type" additive manufacturing certified process or AM-material produced specifications. Accordingly, utilization of AM materials to meet engineering applications requires quantification of the constitutive properties of these evolving materials in comparison to conventionally-manufactured metals and alloys. Cylinders of 316L SS were produced using a LENS MR-7 laser additive manufacturing system from Optomec (Albuquerque, NM) equipped with a 1kW Yb-fiber laser. The microstructure of the AM-316L SS is detailed in both the as-built condition and following heat-treatments designed to obtain full recrystallization. The constitutive behavior as a function of strain rate and temperature is presented and compared to that of nominal annealed wrought 316L SS plate. The dynamic damage evolution and failure response of all three materials was probed using flyer-plate impact driven spallation experiments at a peak stress of 4.5 GPa to examine incipient spallation response. The spall strength of AM-produced 316L SS was found to be very similar for the peak shock stress studied to that of annealed wrought or AM-316L SS following recrystallization. The damage evolution as a function of microstructure was characterized using optical metallography.
Introduction
Additive manufacturing (AM) technology is a key enabling technology fueling the revolutionary transformations occurring in rapid prototyping, freeform and net-shape manufacturing, and local production at a global scale. AM offers increased efficiencies in energy, cost, and material savings in manufacturing [1] [2] [3] [4] [5] . However, for AM materials or components to supplant conventional manufactured materials and processes, the certification and qualification paradigm needs to evolve as there exists no "ASTM-type" additive manufacturing certified process or AM-material produced specifications. Even for small changes in starting feed material (powder or wire), component geometry, build process variables, and post-build thermo-mechanical processing, the qualification cycle can be complicated leading to long implementation times for even minor changes. This is due in large part to the fact that we are not able to predict and control processingstructure-property-performance (PSPP) relationships [6] [7] [8] . Metallic-component certification requirements have been documented elsewhere in the case of some manufacturing processes but generally involve meeting engineering and physics requirements tied to the functional requirements of the engineering component and finally process and product qualification. For AM materials and components to meet qualification and certification requirements for critical engineering applications, key microstructural parameters and defects must be quantified and quantitatively linked to processing and equipment parameters to establish minimum performance properties [9] . 316 stainless steel is a ubiquitous austenitic SS that is often used in marine and medical environments because of its combination of strength and corrosion resistance. The pervasiveness of use and wide availability of inexpensive feedstock for additive manufacturing, has lead to several recent publications that focus on this particular alloy system [10] [11] [12] [13] . In several of these studies connections are made between defects, such as porosity, and performance in standard mechanical behavior tests [10, 12] . Although this property data is important in qualifying AM products, a major concern when comparing AM parts with those made in traditional methods is the failure and damage mechanisms that arise from the unique microstructures. Some studies exist in the area of high cycle fatigue that begin to make these connections. [14, 15] but none for the 316 stainless steel series. Further, no studies of the dynamic damage evolution due to shock spallation loading of an AM-produced 316L SS material has been conducted to date. The purpose of this study is to report initial constitutive and dynamic fracture (spallation) properties of 316L SS produced by Laser Engineered Net Shaping (LENS) additive manufacturing in comparison to wrought 316L SS as a result of their microstructures.
Experimental procedure

Material -processing
This study involved production, characterization and testing of solid cylinders of 316L austenitic stainless steel(hereafter 316L SS) produced by laser additive manufacturing and contrasted to wrought 316L SS plate. Table 1 . The crystallographic texture of the 316L SS investigated was investigated using X-ray diffraction to be almost random in nature. The 316L powder was procured from Carpenter Powder Products (Bridgewater, PA) and was produced using atomization techniques. The analyzed chemical composition of the 316L SS powder (wt. pct.) is also provided in Table 1 . An inert gas fusion method (ASTM E 1019-11) was used to determine the wt.% oxygen for the powder (0.013%) and the deposit (0.018%). The powder particle size distribution was −80/ +270 mesh (53 um to 180 um) and was determined using standard sieve analysis of metal powders. Cylinders of 316L SS were produced using a LENS MR-7 laser AM system from Optomec (Albuquerque, NM) equipped with a 1kW Yb-fiber laser. The laser beam was delivered to the collimator with a 200 um stepped index fiber optic and was focused via a lens to a focus length of 160.4 mm. The laser focus condition was arranged so that the minimum waist of the focused beam was positioned ∼3.8 mm below the substrate surface. The laser power employed throughout the trials was 380 W.
The laser beam was directed normal to the substrate and passed through a nozzle ∼20 mm in diameter accompanied by anargon shield gas with a flow rate of 20 lpm to prevent damage to the optics. Powder was delivered to the deposition region through four nozzles with exit orifices positioned concentrically around the larger nozzle. The exit orifices of the nozzles were positioned approximately 9.5 mm above the substrate surface. The four nozzles were arranged symmetrically about the laser beam axis and were angled downward toward the substrate at ∼45 degrees. A mass flow rate of the powder of ∼ 6.3 gm · min −1 was determined by averaging three measurements conducted by capturing powder for one minute from the nozzles in a plastic bag.
The AM components produced were solid cylinders 2.5 cm in diameter and 3.3 cm tall. The cylinder was deposited onto a substrate comprised of a 0.95 cm thick plate of 304L SS. A z step height of 0.3 mm was used with a hatch spacing of 0.46 mm. Each layer was produced using linear "hatching" passes at 1.12 cm s −1 . The direction of the hatching passes was alternated between 0
• and 90
• directions for every other layer. Oxygen levels were monitored throughout building and did not exceed 6 ppm at any point. The powder feed rate was set at 3.5 RPM and was held constant during the build. After AM fabrication, the 304L substrates were machined away. One cylinder was sectioned to provide AM-as-built samples while the other was heat-treated. The heat treatment was 1060
• C for one hour under vacuum followed by cooling to room temperature in 2 1 2 minutes by rapid Argon gas quenching. The heat treatment leads to an AM-recrystallized microstructure (hereafter referred to as AM-Rx).
Samples from the three starting 316L SS materials were sectioned and prepared following standard metallographic procedures including polishing to a mirror finish and etching. Optical microscopy images were acquired at various magnifications using a Zeiss Axio Imager M2m optical microscope. The microstructures of the three 316L SS materials investigated are shown in Fig. 1 . The annealed wrought plate material is seen to exhibit a fine-grained equiaxed microstructure. The AM-As-Built displays a macroscopic squamous or fish-scale type morphology indicative of the deposit interfaces of the alternate layers of the build. Each "fish scale" exhibits a fine-grained microstructure with elongated grains along the periphery and equiaxed grains in the center. The as-deposited
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Figure 2. Experimental configuration used to produce incipient damage or complete spall in three samples simultaneously. Wrought 316L SS impactors were accelerated in a 80 mm gas gun and impacted onto the target. PDV probes were placed over the center of each sample to provide free-surface velocimetry data from each sample in each experiment.
microstructure was characterized by a network of lacy ferrite (BCC) phase in a matrix of austenite (FCC) due to the primary solidification to ferrite [16] . The AM-Rx displayed a nominally polycrystalline microstructure albeit coarser and not as faceted as the equiaxed microstructure of the wrought 316L SS.
Constitutive/spallation characterization
Cylindrical samples, with the compression axis parallel to the AM cylinder axis and thru-thickness to the wrought plate, were electro-discharge machined to dimensions of 5 mm in height and 5 mm in diameter. Quasi-static compression tests were conducted using an Instron screwdriven test system at a strain rate of 0.001 s −1 and temperature of 298 K, with MoSi 2 lubrication to minimize barreling. Strain-rate jump tests from 0.001 to 0.1 s −1 were conducted at 233K to assess the strain-rate sensitivity of the three materials.
Spallation experiments were performed using the configuration shown in Fig. 2 . Impactors of wrought 316L SS were accelerated using an 80 mm bore gas gun at a velocity of nominally 250 m/s and impacted onto the 316L SS targets. All impactors were roughly 2.5 mm thick. Each target consisted of three separate components: a target plate, one, two, or three samples, and a momentum ring for each sample. Targets were 5mm thick and designed specifically such that recovery of the shocked samples was facilitated for post-mortem examination. The samples were press-fit into the momentum rings and the rings pressfit into the target plate to ensure intimate contact of all components initially. Single sample spallation experiments were done as described elsewhere [17] . For the twoand three-sample targets, samples were machined as right circular cylinders 12.7 mm in diameter from wrought, as-built additively manufactured, and the AM-Rx 316L material. In the experiment, the impactor thickness was one-half the sample thickness to cause tensile damage to occur in the center of the samples. Samples were surrounded by momentum trapping rings made from wrought material with an inner diameter (ID) 0.1 mm less than the outer diameter (OD) of the sample. The OD of the rings was 16.5 mm with the holes in the target plate made to 16.4 mm diameter to accommodate press fitting of all parts. The assembled targets were lapped flat and parallel to within 5 micrometers.
Samples were placed in the target ring such that the shortest distance between sample edges to each other and to the edge of the target plate were equal. Free surface velocities were measured in each experiment using Photon Doppler Velocimetry (PDV) [18, 19] . Collimated probes provided by AC Photonics (Part #: 1CL15P020LC-C01) were positioned to collect velocimetry data from the center of each sample and connected to a LANL-built 4-channel PDV system. One additional PDV probe (not shown in figure) was placed next to each target plate to measure the projectile velocity directly to an accuracy of 0.1% [19] . A single PZT trigger pin (Dynasen, Inc.) was also positioned next to each target plate with a typical standoff distance of a few millimeters to provide a trigger to the digitizer used to collect the PDV data.
Results and discussion
Constitutive response
The quasi-static compressive constitutive response of the three 316L SS materials is shown in Fig. 3 . The as-built AM material exhibits twice the yield strength of the AMRx material and ∼60% higher yield than the annealed wrought plate. Following yielding, all three materials display similar rates of work hardening (work-hardening slopes). To evaluate if the higher flow stress levels in the AM-as-built material was indicative of a higher starting dislocation density or level of residual stress, strain rate jump tests were conducted at 233 and 298 K.
The magnitude of flow stress increase with the strain rate jumps was seen to be invariant for all three materials; see the rate-jump insert in Fig. 3 conducted at 233 K. The similarity in rate jump response suggests the higher starting yield and flow stress displayed by the AM-asbuilt material is due to an intrinsic barrier component to the strength [20] dendritic substructure, within the coarser "fish-scale" macrostructure, formed during the additive manufacturing solidification and not related to either a high starting defect population or residual stresses.
Velocimetry
The PDV data for the three 316L SS materials spallation experiments conducted at a peak impact velocity of 257 m/s is presented in Fig. 4 . The wave profiles for the three materials are seen to display: 1) nominally similar elastic-plastic transitions, or Hugoniot Elastic Limits (HEL's), as seen in the loading portion of the profile, 2) non-constant responses upon the peak stress on the Hugoniot suggestive of non-uniform plastic deformation with the samples, most evident in the AM-as-built material, 3) slightly different magnitudes(depth) of "pull-back" signals suggesting different damage nucleation and growth responses with the wrought and AM-as-built displaying bi-linear pull-back slopes perhaps indicative of differing energy partitioning during nucleation and growth of damage as compared to the AM+Rx displaying a linear "pull-back" signal, and 4) the AM-as-built displaying a shifted time interval of the "pull-back" signal reload peak consistent with the evolved damage in the sample not located solely near the center line of the sample, thereby altering the "ringing" interval in the pull-back signal, in contrast to the wrought and AM+Rx samples where the incipient damage is centered near the mid-plane of the sample thickness. The difference in the magnitude of the "pull-back" signals for the three materials and the calculated spall strengths is presented for the three 316L SS samples in Table 2 . The spall strength (σ spall ) was calculated using the relationship for a material that exhibits an elasto-plastic behavior [21] : where C L = 5730 (AM), 5720 (AM-Rx) and 5700 (wrought) m/s is the longitudinal sound speed and FSV is the difference in the free surface velocity from the peak state to the minima.
Post-mortem metallurgical analysis
The three samples from the spallation experiment were cross-sectioned along the diameter, then prepared and inspected as described in Sect. 2.1. The damage evolution in the incipiently spalled 316L SS materials was seen to vary between the three materials more significantly than suggested by the three spall strengths. Figure 5 presents the macroscopic optical metallographic cross-sections, following polishing and etching, of the incipiently spalled three 316L SS spall samples. On a coarse scale the first apparent difference is in the position of the incipient damage. In the wrought and AM+Rx samples the damage field is centered in the thickness direction. This is consistent with the selection of the impactor thickness 02006-p.4
DYMAT 2015 being one-half the sample thickness and thereby placing the maximum tensile stress field in the middle of the sample. Conversely, the AM-as-built displays incipient crack formation following layer solidification boundaries located along the sample mid-plane as well as further from the center of the sample thickness.
The macroscopic damage evolution of the three 316L SS samples is observed to vary between the samples. In Fig. 6 , higher magnification optical images of the damage evolution mechanisms and correlation to the microstructure are presented. In the wrought 316L SS the damage field is comprised of disperse round voids, with void coalescence evident along the spall plane. Regions of coalesced voids linked by a network of shear localized plastic flow regions were observed. This mode of damage evolution in 316L SS is similar to that observed previously on wrought 316L SS [22, 23] . Higher magnification imaging of the ductile voids show that most of the voids are associated with grain boundaries suggesting that boundaries are the primary void nucleation sites similar to past observations in pure copper [24] .
The damage evolution in the AM-as-built, seen in Fig. 6 , displays void formation and cracks along layer solidification boundaries, the "fish-scale structure" and as well as cracks following some other layer solidification boundaries as seen in Fig. 6 . The cracks and voided areas are seen to lie along boundaries nominally directly orthogonal to the shock direction. This suggests selection of regions experiencing the maximum tensile loading. Future spallation testing of samples loaded perpendicular to the AM-build direction will examine how the damage evolution is affected by the orientation of loading relative to the layer deposition direction. The microstructure within the individual solidified layer regions reveals a very fine dendritic microstructure comprised of primary and tertiary dendrites with no further evidence of evolved damage nor localized plasticity.
The damage evolution in the AM+Rx displayed a nominally equiaxed microstructure albeit the grains exhibited a more irregular morphology. Evidence of spherical void formation at grain boundaries is seen. Some void coalescence is observed as well as jagged cracks and localized shear and cracks connecting voids was evident. In contrast to the wrought specimen, these cracks are the result of many small voids simultaneously nucleated and coalesced before significant void growth. Higher magnification of the AM-Rx incipiently spalled sample following longer chemical etching also revealed residual memory of the AM chemical segregation formed during solidification in the AM process which the recrystallization at 1060
• C for 1 hour clearly did not homogenize. Future research on 316L SS produced by AM+Rx will examine the effect of alternate heat-treatments on microstructure development.
Summary
The constitutive and spallation response of 316L SS fabricated via LENS additive manufacturing is compared to that of annealed wrought 316L SS and the AM-as-built material following recrystallization, termed AM-Rx. Preliminary results indicate that the asbuilt additive 316L SS material exhibits 10% higher spall strength while displaying a 60% higher yield strength, pronounced macroscopic solidification boundary structure, and chemical segregation evident in the asbuilt microstructure compared to the equiaxed annealed wrought 316L SS. The recrystallized additive 316L SS material was seen to display similar quasi-static constitutive stress-strain response to the annealed wrought plate but displayed differences in terms of damage evolution methodology following spallation loading.
